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HIGHLIGHTS 


►  Comparable  electrochemical  performances  in  various  aqueous  electrolytes. 

►  In  6.0  M  KOH  the  supercapacitor  performs  the  best  electrochemical  behaviors. 

►  The  highest  energy  density  of  the  supercapacitor  in  6.0  M  KOH  is  11.54  Wh  kg-1. 

►  In  6.0  M  KOH  the  supercapacitor  has  the  shortest  relaxation  time  of  0.62  s. 
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Hierarchically  porous  carbons  (HPCs)  have  been  prepared  by  sol-gel  self-assembly  technology  with 
nickel  oxide  and  surfactant  as  the  dual  template.  The  porous  carbons  are  further  activated  by  nitric  acid. 
The  electrochemical  behaviors  of  supercapacitors  using  HPCs  as  electrode  material  in  different  aqueous 
electrolytes,  e.g.,  (NH^SO^  Na2S04,  H2SO4  and  KOH  are  studied  by  cyclic  voltametry,  galvanostatic 
charge/discharge,  cyclic  life,  leakage  current,  self-discharge  and  electrochemical  impedance  spectros¬ 
copy.  The  results  demonstrate  that  the  supercapacitors  in  various  electrolytes  perform  definitely 
capacitive  behaviors;  especially  in  6  M  KOH  electrolyte  the  supercapacitor  represents  the  best  electro¬ 
chemical  performance,  the  shortest  relaxation  time,  and  nearly  ideal  polarisability.  The  energy  density  of 
8.42  Wh  kg-1  and  power  density  of  17.22  kW  kg-1  are  obtained  at  the  operated  voltage  window  of  1.0  V. 
Especially,  the  energy  density  of  11.54  Wh  kg-1  and  power  density  of  10.58  kW  kg-1  can  be  achieved 
when  the  voltage  is  up  to  1.2  V. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  double-layer  capacitors  (EDLCs)  [1]  named 
supercapacitors,  with  long-cycle  life,  high  power  density  and 
reversibility,  are  a  promising  energy  storage  technology  for  deliv¬ 
ering  peak  power  demands  in  portable  electronic  application  such 
as  electric  vehicles.  The  energy  storage  of  double-layer  capacitance 
relies  on  the  accumulation  of  charge  at  electrodes  purely  by  elec¬ 
trostatic,  and  the  charge  is  separated  across  the  interface  between 
the  electrode  and  the  electrolyte  [2].  Thus,  EDLCs  are  well  suited  as 
backup  source  because  of  their  low  cost  and  maintenance-free 
operation.  Generally  speaking,  the  electrode  materials  used  the 
most  commonly  in  EDLCs  are  carbons  due  to  their  high  specific 
surface  area  of  the  order  of  2500  m2  g-1.  Particularly,  hierarchically 
porous  carbons  (HPCs)  [3]  have  gained  growing  interest  for  the 
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porous  texture  composed  of  two  or  three  types  of  pores  which 
exhibit  a  great  potential  for  advanced  EDLCs  applications. 

As  is  well  known,  the  pore  size  distribution  and  surface  func¬ 
tional  groups  of  carbon  materials  as  well  as  the  size  of  the  elec¬ 
trolyte  ions  could  significantly  influence  electrochemical 
performance  of  supercapacitor.  A  large  number  of  works  [4-6] 
have  been  carried  out  about  the  electrolytes  of  EDLCs  in  various 
application  conditions.  There  are  two  principal  types  of  electro¬ 
lytes  in  the  application  of  EDLCs,  e.g.,  aqueous  and  organic  elec¬ 
trolytes.  For  aqueous  electrolytes,  the  acid,  alkaline  and  neutral 
electrolytes  are  mostly  used  due  to  the  advantageously  high 
conductivities  and  the  special  mechanism  of  proton  transport.  The 
proton  has  the  highest  mobility  in  an  aqueous  electrolyte,  and  its 
small  size  allows  it  to  chemisorb  to  a  single  oxide  ion.  As  to 
organic  electrolytes,  practically,  they  most  often  allow  operating 
a  supercapacitor  to  up  to  2.3  V  based  on  acetonitrile  or  propylene 
carbonate  as  solvents.  The  solubility  of  the  salts  in  the  organic 
solvents  is  relatively  low.  If  the  electrolyte  reservoir  is  too  small 
compared  to  the  large  surface  of  electrodes,  the  performance  of 
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the  supercapacitor  is  reduced.  Since  the  energy  of  supercapacitors 
is  proportional  to  the  square  of  the  operating  voltage,  organic 
electrolytes  are  being  employed  in  many  commercial  EDLCs  [7]. 
However,  they  have  the  disadvantages  of  high  internal  resistance 
and  electrolyte  leakage.  Usually,  in  order  to  achieve  a  low  ESR  of 
supercapacitors,  the  high  conductivity  of  current  collectors  and 
electrolytes  is  required  and  the  contact  resistance  between  them 
should  be  minimal.  Therefore,  to  develop  high  performance 
EDLCs,  most  of  works  have  been  focusing  on  the  aqueous  elec¬ 
trolytes.  Xia  [8]  and  co-workers  have  prepared  porous  carbon 
electrodes  with  the  specific  capacitance  of  223  F  g-1  at  2  mV  s-1  in 
6.0  M  KOH  electrolyte.  Seredych  [9]  et  al.  have  fabricated  super¬ 
capacitor  electrode  based  on  modified  carbons  which  showed 
a  high  specific  capacitance  of  253  F  g-1  at  0.05  A  g-1  in  1.0  M 
H2SO4  electrolyte.  Xue  [10]  and  co-workers  have  reported  that 
supercapacitors  in  2.0  M  (NH4)2S04  electrolyte  with  the  specific 
capacitance  of  160  F  g-1  at  current  density  of  10  mA  cm-2. 
Moreover,  Demarconnay  and  coauthors  [11]  have  fabricated 
supercapacitor  in  0.5  M  Na2S04  electrolyte  with  the  voltage  up  to 
1.6  V.  It  is  well  known  that  many  kinds  of  electrolytes  have  been 
used  in  the  studies  of  supercapacitors,  and  different  electrolyte  for 
the  same  an  electrode  material  will  give  different  specific  capac¬ 
itance,  so  it  will  be  a  significant  work  to  discuss  the  effects  of 
aqueous  electrolytes  on  the  electrochemical  performance  of  HPCs. 

In  previous  work,  our  group  have  prepared  a  hierarchically 
porous  carbons  (HPCs)  by  sol-gel  self-assembly  technology  with 
nickel  oxide  and  surfactant  as  the  dual  template  [12],  and  discussed 
the  effects  of  surfactant  template  concentration  on  physical  and 
electrochemical  capacitive  behaviors  [13].  In  order  to  further 
investigate  the  adaptability  of  the  hierarchically  porous  carbons 
with  macro-meso-micro  structure  in  various  aqueous  electrolytes 
for  different  applications,  here  we  will  study  the  supercapacitive 
performance  of  hierarchically  porous  carbon  in  2.0  M  (NH4)2S04, 
2.0  M  Na2S04,  0.5  M  H2S04,  6.0  M  KOH  electrolytes. 

2.  Experimental 

2.1.  Synthesis  of  the  activated  HPCs 

Hierarchically  porous  carbons  [12]  were  prepared  by  carbon¬ 
ization  and  corrosion  of  the  dual  template  precursor.  Nickel  nitrate 
hexahydrate  (Ni(N03)2-6H20,  98%)  and  sodium  hydroxide  (NaOH, 
96%)  were  used  as  nickel  oxide  template,  and  cetyltrimethyl 
ammonium  bromide  (CTAB,  99%)  dissolved  in  ethanol-aqueous 
solutions  was  used  as  the  surfactant  template.  The  sample  with 
the  ratio  of  dual  templates  is  4:4.  Finally,  the  resultant  carbon  was 
modified  by  2  M  HNO3. 

2.2.  Preparation  of  the  activated  HPCs  electrodes 

As  usual  in  such  devices,  the  electrodes  materials  for  super¬ 
capacitors  were  prepared  by  mixing  80  wt%  activated  HPCs  with 
10  wt%  acetylene  black  and  10  wt%  polyvinylidene  fluoride  (PVDF). 
After  well  mixed,  the  mixtures  were  blended  to  obtain  slurries.  Then 
the  slurries  were  coated  on  nickel  foams  or  steel  mesh  that  were 
used  as  current  collectors  and  dried  in  vacuum  overnight  at  353 1<  for 
12  h.  The  geometric  surface  area  of  the  electrodes  was  kept  to  be 
1.0  cm2;  the  electrodes  typically  had  a  thickness  of  about  0.1  mm. 

2.3.  Evaluation  of  the  electrochemical  properties 

The  electrochemical  performances  of  the  as-prepared  electrode 
materials  were  evaluated  by  cyclic  voltammetry  (CV)  with  scan 
rates  ranging  from  1  to  20  mV  s-1,  galvanostatic  charge/discharge 
(GC)  tests  at  various  constant  current  densities  with  cutoff  voltage 


of  0.0-1.0  V,  electrochemical  impedance  spectroscopy  (EIS)  in  the 
frequency  range  from  105  to  10  2  Hz  with  amplitude  of  5  mV, 
leakage  current  recording  the  changes  of  the  current  at  constant 
voltage  state,  and  self-discharging  recording  decline  of  cell  voltage 
(1.0  V)  over  lengthy  periods  of  time.  The  CV,  GC  and  EIS  measure¬ 
ments  were  performed  by  means  of  electrochemical  analyzer 
systems,  CHI660  (CH  Instruments,  USA).  The  cycle  life,  leakage 
current  and  self-discharging  were  measured  by  potentiostat/gal- 
vanostat  (BTS  6.0,  Neware,  Guangdong,  China).  The  aforementioned 
experiments  were  carried  out  using  a  two-electrode  system,  named 
button  cell,  in  which  the  counter  and  reference  electrodes  are  the 
same  as  the  work  electrode.  The  symmetrical  button  super¬ 
capacitors  were  assembled  according  to  the  order  of  electro¬ 
de-separator-electrode.  And  electrolyte  solutions  of  2.0  M 
(NH4)2S04,  2.0  M  Na2S04,  0.5  M  H2S04,  or  6  M  KOH  were  used  to 
evaluate  the  supercapacitors  behavior. 

3.  Results  and  discussion 

Cyclic  voltammetries  are  performed  to  estimate  the  electro¬ 
chemical  properties  of  the  symmetric  supercapacitors  in  different 
electrolytes  at  the  scan  rate  of  1  mV  s-1  with  the  voltage  range  from 
0.0  to  1.0  V.  The  results  are  shown  in  Fig.  1.  It  can  be  found  that  the 
supercapacitors  in  their  voltage  range  exhibit  similar  rectangular 
capacitive  behavior  with  rapid  current  responses  on  voltage 
reversal  at  the  two  end  potentials.  However,  the  current  response  is 
slower  at  the  two  end  potentials  in  0.5  M  H2S04  electrolyte.  The 
supercapacitor  in  2  M  Na2S04  shows  the  characteristic  CV  of  an 
ideal  rectangular  shape  compared  with  other  supercapacitors.  It 
might  be  inherent  to  the  nature  of  the  Na2S04  electrolyte  [11  ].  The 
supercapacitor  in  6.0  M  KOH  performs  excellent  capacitive 
behavior,  and  the  highest  current  responses  with  the  potential 
changing  are  obtained  at  the  scan  rate  of  1  mV  s-1  in  Fig.  1.  The 
differences  of  the  current  response  and  CV  behaviors  for  the 
supercapacitors  in  various  electrolytes  are  probably  attributed  to: 
(I)  the  ionic  radius  of  the  electrolytes,  (II)  the  radius  of  ionic 
hydration  sphere  of  electrolytes,  (III)  the  conductivity  of  the  ions 
and  (IV)  the  mobility  of  the  ions.  As  well  known,  the  ions  would  be 
surrounded  by  the  water  of  hydration  when  the  water  was  used  as 
the  solvent.  Thus,  the  electric  double  layers  will  be  built  by  the  ionic 
hydration  sphere  of  electrolytes.  The  ionic  radius,  radius  of  water  of 
hydration,  relative  free  energy  of  hydration,  molar  conductivity  and 
ionic  mobility  of  ions  are  listed  in  Table  1  [14-16].  It  can  be  seen 
from  Table  1  that  the  radius  of  hydration  sphere  increases  in  the 
order:  H+  <  I<+  =  NHj  <  Na+,  and  Na+  ions  have  larger  hydration 
spheres  than  other  ions  because  of  the  Na5+-H205-  strong  inter¬ 
actions.  Nevertheless,  the  radius  of  water  hydration  of  all  ions  is 
about  2.8— 3.8  A  so  that  the  size  of  the  water  hydration  sphere  may 
not  be  a  deciding  factor  on  electrochemical  properties.  However, 
H+  ions  have  the  higher  molar  conductivity  than  other  ions,  while 
I<+  and  NHj  ions  compared  to  Na+  ions  have  distinctly  higher  molar 
conductivity  due  to  the  mobility  of  the  ions  [17].  At  the  same  time, 
the  OH-  ions  have  the  higher  molar  conductivity  than  SO4-  ions. 
Therefore,  the  conductivity  and  mobility  of  the  ions  may  be  the 
crucial  factor  on  the  supercapacitive  performance  with  different 
electrolytes.  For  the  KOH  electrolyte,  the  molar  conductivity  of  OH 
ions  is  198.0  cm2  Q-1  mol-1.  And  for  the  H2S04  electrolyte,  the 
radius  of  hydration  sphere  of  SO4-  ions  is  big  but  H+  ions  have  high 
molar  conductivity  of  349.8  cm2  Q-1  mol-1.  Hence,  the  higher 
molar  conductivity  of  OH-  and  H+  ions  will  cause  a  better  super¬ 
capacitive  behavior.  Meanwhile,  the  NHj  ions  in  (NH4)2S04  solu¬ 
tion  have  higher  conductivity  than  Na+  ions  in  Na2S04  solution,  and 
the  H+  ions  produced  from  hydrolysis  of  (NH4)2S04  in  (NH4)2S04 
solution  according  to  Eqs.  (1)— (4)  will  result  in  the  higher  current 
response  of  the  CV  in  (NH4)2S04  than  that  in  Na2S04  electrolyte. 
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Fig.  1.  The  CV  curves  of  the  supercapacitors  in  various  electrolytes  at  the  scan  rate  of  1  mV  s  l 


(NH4)2S04  =  2NH+  +  S04 

(1) 

nhJ  +  oh-^±nh3h2o 

(2) 

H2O^H+  +  OH“ 

(3) 

nh4  +  h2o  ^  nh3  •  h2o  +  h+ 

(4) 

The  specific  capacitance  values  of  the  supercapacitors  in 
different  electrolytes  can  be  determined  by  Eq.  (5)  [18]: 


Cs,  t 


la  +  |/c| 

2  W(dV/dt) 


(5) 


Where  CS(t,  /a,  I0  W and  dV/dt  are  the  specific  capacitance  (F  g-1 ),  the 
current  (A)  of  anodic  and  cathodic  voltammetric  curves  on  positive 
and  negative  sweeps,  the  mass  of  the  material  (g)  (only  including 
the  mass  of  the  activated  materials,  the  same  below),  and  the 
sweep  rate  (mV  s-1),  respectively.  Table  2  lists  the  gravimetric 
specific  capacitance  (Cg)  of  the  various  supercapacitors  at  1  mV  s  1 


Table  1 

Crystal  radius,  radius  of  hydration  sphere,  relative  free  energy  of  hydration 
(H+  aq.:-265  kcal  mol-1),  molar  conductivity  and  ionic  mobility  of  ions. 


Crystal  Radius  of 

Molar 

radius 

hydration 

Gibbs  energy  conductivity 

Ionic  mobility 

Ion 

(A) 

sphere  (A)  (kcal  mol  1 

)  (cm2  Q-1  mol  1 

)  (p  10-5  cm2  s-1  v-1) 

H+ 

- 

2.80 

0.0 

349.8 

36.2 

I<+ 

1.33 

3.31 

179.9 

73.5 

7.6 

Na+ 

0.95 

3.58 

162.3 

50.1 

5.2 

NH4 

1.48 

3.31 

- 

73.5 

7.6 

OH 

- 

3.00 

- 

198.0 

20.6 

S04- 

- 

3.79 

- 

79.8 

8.3 

calculated  from  Eq.  (5)  in  different  electrolytes.  The  Cg  is  49.8, 44.8, 
50.6  and  61.5  F  g_1  for  the  supercapacitors  in  2.0  M  (NH4)2S04, 
2.0  M  Na2S04,  0.5  M  H2S04  and  6.0  M  KOH,  respectively. 

Fig.  2  reveals  the  CV  curves  of  the  supercapacitor  with  electro¬ 
lyte  of  6.0  M  KOH  at  the  scan  rate  from  1  to  20  mV  s-1.  It  can  be 
found  from  Fig.  2(a)  that  in  6.0  M  KOH  the  supercapacitor  exhibits 
similar  rectangular  curves  as  the  scan  rate  increasing.  In  addition, 
extremely  sharp  current  reversals  near  the  potential  of  0.0  or  1.0  V 
are  observed  in  the  CV  curves  at  the  scan  rate  of  1-10  mV  s-1. 
Fig.  2(b)  shows  the  specific  capacitance  vs.  scan  rate.  Even  at  the 
scan  rate  of  20  mV  s-1,  the  specific  capacitance  is  still  41  F  g_1. 
Consequently,  the  above  results  demonstrate  that  the  hierarchically 
porous  carbon  supercapacitor  in  6.0  M  KOH  performs  high  rate 
capability. 

Typical  galvanostatic  charge/discharge  (GC)  curves  of  the 
supercapacitors  at  the  current  densities  from  1  to  5  A  g_1  in  various 
electrolytes  are  shown  in  Fig.  3.  The  charge/discharge  curves  of 
supercapacitors  in  2.0  M  (NH4)2S04  and  6.0  M  KOH  electrolyte 


Table  2 

The  electrochemical  properties  of  the  supercapacitors  with  the  hierarchically  porous 
electrode  material  in  different  electrolytes. 


Specific  capacitance 
(Fg-1) 


Electrolyte 

r  a 

C  b 

C 

C 1 

ESRb  (fi)  Leakage  current  (mA) 

tr(s) 

2.0  M  (NH4)2S04 

49.8 

35.1 

39.1 

39.0 

5.50 

0.10 

1.34 

2.0  M  Na2S04 

44.8 

33.1 

36.9 

29.2 

6.17 

0.03 

0.76 

0.5  M  H2S04 

50.6 

61.4 

46.2 

43.6 

26.55 

0.20 

- 

6.0  M  KOH 

61.5 

60.9 

60.6 

57.7 

2.83 

0.04 

0.62 

a  The  data  calculated  from  the  CV  at  the  scan  rate  of  1  mV  s  1. 
b  The  data  calculated  from  the  GC  at  current  density  of  1  A  g-1  at  the  voltage  range 
0.0- 1.0  V. 

c  The  data  obtained  from  the  cycle  life  at  the  voltage  range  0.0— 1.0  V. 
d  The  data  obtained  from  the  cycle  life  at  the  voltage  range  0.0— 1.2  V. 
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Fig.  2.  (a)  The  CV  curves  of  the  supercapacitor  in  6.0  M  KOH  electrolyte  at  different 
scan  rate  from  1  mV  s-1  to  20  mV  s-1.  (b)  The  changes  of  the  specific  capacitance  with 
scan  rate. 


solutions  at  1  A  g_1  are  almost  symmetrical  isosceles  lines  in 
Fig.  3(a),  demonstrating  that  the  supercapacitors  in  2.0  M 
(NH4)2S04  and  6.0  M  KOH  exhibit  high  electrochemical  capacitive 
stability.  The  charge/discharge  efficiencies  of  above  two  super¬ 
capacitors  are  close  to  100%.  However,  the  charge/discharge  curves 
of  the  supercapacitors  in  2.0  M  Na2S04  and  0.5  M  H2S04  in  Fig.  3(a) 
are  asymmetrical  isosceles  lines.  It’s  due  to  some  pseudo-capacitive 
redox  reactions  between  the  surface  functionalities  and  the 
aqueous  electrolyte  [6,19-21].  The  specific  capacitances  of  various 
supercapacitors  obtained  from  the  Eq.  (6)  ref.  [22]  are  listed  in 
Table  2. 


Cm 


itd 

mKv 


(6) 


Where  Cm  is  the  specific  capacitance  (F  g_1),  i  is  the  charge/ 
discharge  current  (A),  AV  is  the  potential  range  of  the  charge/ 
discharge  (V),  td  is  the  discharge  time  (s),  and  m  is  the  mass  of  active 
material  (g)  within  the  electrode.  The  specific  capacitances 
of  various  supercapacitors  obtained  from  Eq.  (6)  at  the  current 
density  of  1  A  g-1  are  about  35.1,  33.1,  62.4  and  60.9  F  g-1  for 
supercapacitors  in  2.0  M  (NH4)2S04, 2.0  M  Na2S04, 0.5  M  H2S04  and 
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Fig.  3.  (a)  The  GC  curves  of  the  supercapacitors  in  various  electrolytes  at  1  A  g_1.  (b) 
The  specific  capacitance  (■)  and  GC-SCR  (□)  of  the  supercapacitors  at  different 
current  densities. 


6.0  M  KOH,  respectively.  Moreover,  Fig.  3(b)  compares  the  specific 
capacitance  and  specific  capacitance  retention  (SCR)  of  the  super¬ 
capacitors  in  different  electrolytes  at  various  current  densities.  The 
specific  capacitances  of  supercapacitor  in  6.0  M  KOH  are  the  highest 
and  the  SCR  is  76%  even  at  5  A  g-1.  As  well  known,  the  power  output 
capability  of  electrochemical  capacitors  strongly  depends  on  the 
equivalent  series  resistance  (ESR)  [23].  The  ESR  is  attributed  to  the 
resistance  of  electrolytes  and  the  inner  resistance  of  ion  diffusion  in 
mircopore  [24],  and  the  values  of  ESR  calculated  from  the  potential 
drop  (IR  drop)  at  the  beginning  of  discharge  are  listed  in  Table  2.  In 
6.0  M  KOH  the  ESR  is  only  2.83  Q.  Therefore,  above  results  indicate 
clearly  that  the  supercapacitor  in  6.0  M  KOH  electrolyte  can  be  as 
high  charge/discharge  propagation  and  has  good  reversibility. 

The  long-cycle  life  is  one  of  the  most  important  properties  for 
appliances  of  supercapacitors.  The  specific  capacitances  versus 
cycle  number  with  constant  current  charge/discharge  cycle  at  the 
voltage  range  from  0.0  to  1.0  V  for  the  supercapacitors  in  different 
electrolytes  are  shown  in  Fig.  4(a).  It  is  well  known  that  the  energy 
density  is  directly  increased  in  proportion  with  the  square  of 
voltage.  In  order  to  store  large  amounts  of  energy,  the  operated 
voltage  is  up  to  1.2  V  and  the  results  are  also  exhibited  in  Fig.  4(a). 
The  supercapacitive  and  stable  properties  of  the  supercapacitors 
are  measured  by  the  steps:  (i)  3000  consecutive  cycle  at  1.0  V,  and 
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Fig.  4.  (a)  The  cycle  life  of  the  supercapacitors  in  various  electrolytes  at  different 
voltage  range,  (b)  The  Ragone  plots  of  the  supercapacitors  in  various  electrolytes  with 
operated  voltage  of  1.0  V  (■)  and  1.2  V  (□). 


then  (ii)  2000  consecutive  cycle  at  1.2  V.  The  specific  capacitances 
of  supercapacitors  remain  stable  for  3000  cycles  at  1.0  V  in  various 
aqueous  electrolytes.  However,  in  6.0  M  KOH  the  highest  specific 
capacitance  of  supercapacitor  is  as  high  as  60.6  F  g-1.  When  the 
voltage  is  up  to  1.2  V,  the  stability  of  supercapacitor  in  0.5  M  H2SO4 
becomes  poor  because  of  different  overpotential  of  supercapacitor 
in  different  electrolyte  leading  to  occurrence  of  some  decomposi¬ 
tion  reactions.  In  6.0  M  KOH  the  specific  capacitance  of  super¬ 
capacitor  is  high  up  to  57.7  F  g-1.  What’s  more,  the  energy  density 
(e.d)  and  power  density  (p.d)  of  the  supercapacitors  in  various 
electrolytes  are  calculated  from  the  Eqs.  (7)  and  (8)  ref.  [25].  And 
the  comparisons  of  the  Ragone  plots  (e.d  vs.  p.d)  of  the  super¬ 
capacitors  at  the  voltage  of  1.0  or  1.2  V  are  shown  in  Fig.  4(b). 


1  9 

£  =  fV2 

(7) 

V2 

p  = - 

4mR 

(8) 

voltage  (V),  R  is  the  ESR  (£?)  and  m  is  the  average  mass  (g)  of  the  two 
electrodes.  At  the  operated  voltage  of  1.0  V,  the  e.d  of  super¬ 
capacitors  are  5.43,  5.13,  6.42  and  8.42  Wh  kg-1,  and  the  p.d  are 
7.06,  4.78,  3.18  and  17.22  kW  kg-1  for  supercapacitors  in  2.0  M 
(NH4)2S04, 2.0  M  Na2S04, 0.5  M  H2S04  and  6.0  M  KOH,  respectively. 
At  the  same  time,  when  the  operated  voltage  is  up  to  1.2  V,  the  e.d 
are  7.82,  5.84,  8.72  and  11.54  Wh  kg-1,  and  the  p.d  are  6.98,  4.64, 
3.07  and  10.58  kW  kg-1  for  supercapacitors  in  2.0  M  (NH4)2S04, 
2.0  M  Na2S04,  0.5  M  H2S04  and  6.0  M  KOH,  respectively.  Obviously, 
the  energy  densities  of  supercapacitors  increase  as  operated 
voltage  up  to  1.2  V.  Meanwhile,  the  e.d  of  supercapacitor  in  6.0  M 
KOH  electrolyte  is  distinctly  increased  with  stable  cycle  life  in  1.2  V. 
Comparatively,  KOH  solution  is  a  promising  electrolyte  for  HPCs 
electrode  material  as  supercapacitor  in  higher  operated  voltage. 

Importantly,  the  leakage  current  and  self-discharge  of  super¬ 
capacitor  are  also  vital  parameters  for  the  application  of  super¬ 
capacitor.  Fig.  5  depicts  the  leakage  current  and  self-discharge 
curves  of  supercapacitors  in  various  electrolytes.  It  can  be  found 
from  Fig.  5(a)  that  the  leakage  current  curves  of  the  supercapacitors 
in  different  electrolytes  drop  drastically  before  10  min  and  stay  at 
0.10, 0.03, 0.20  and  0.04  mA  for  supercapacitors  in  2.0  M  (NH4)2S04, 
2.0  M  Na2S04,  0.5  M  H2S04  and  6.0  M  KOH,  respectively. 


Where  E  is  the  energy  density  (Wh  kg  1),  P  is  power  density  Fig.  5.  (a)  The  leakage  current  and  (b)  The  self-discharge  of  the  supercapacitors  in 

(kW  kg-1),  C  is  the  specific  capacitance  (F  g-1),  V  is  the  initial  various  electrolytes. 
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Apparently,  lower  leakage  current  implies  a  higher  leakage  resis¬ 
tance  that  causes  the  supercapacitor  to  self-discharge  slower  [26]. 
Fig.  5(b)  presents  the  self-discharge  curves  of  the  supercapacitors 
in  different  electrolytes.  As  a  consequence  of  leakage  current,  the 
voltages  of  supercapacitors  reduce  gradually  with  the  extending  of 
time,  and  they  decrease  quickly  before  3  h  and  become  gentle 
subsequently.  Zhou  [27]  and  co-workers  have  explained  this 
phenomenon  as  follows:  (I)  biggish  leakage  currents  and  self¬ 
discharge  are  caused  when  diffusion  layer  ions  regress  to  bulk 
solution  at  the  beginning.  And  then  (II)  compact  layer  ions  move  to 
diffusion  layer  because  of  vibration  and  concentration  difference. 
As  the  moving  velocity  is  slow,  leakage  currents  and  self-discharge 
keep  relatively  jarless  and  become  small  after  some  time.  It  can  be 
seen  from  Fig.  5(b)  that  the  supercapacitors  show  a  significant  self¬ 
discharge  and  the  changes  of  voltage  are  small  except  for  super¬ 
capacitor  in  0.5  M  FI2SO4,  and  the  results  are  coincide  with  the 
leakage  currents. 

Electrochemical  impedance  spectroscopy  (EIS)  results  in  Fig.  6 
provide  further  evidence  of  the  restriction  of  the  electrolyte  ions 
in  the  pore  networks  of  carbon  electrode  material.  In  the  low 
frequency  region,  the  supercapacitors  in  aqueous  electrolytes 
except  in  0.5  M  H2SO4  show  nearly  vertical  Nyquist  plots  because  of 
Warburg  impedance  in  Fig.  6(a),  indicating  a  good  capacitive 
behavior.  The  deviations  from  the  vertical  lines  are  ascribed  to  the 
inner  mesopore  diffusion,  which  is  strongly  dependent  on  the 
measured  potentials  [28].  Moreover,  the  semi-circles  existed  in 
mid-frequency  (shown  in  Fig.  6(a)  insert)  are  a  measure  of  the 
interfacial  charge  transfer  resistance  (Rct)  and  the  double-layer 
capacitance  (Cdi)  connected  in  parallel  with  each  other  [4].  In  the 
high-frequency  region,  the  first  intersection  points  in  the  real  axis 


of  the  Nyquist  plots  represent  the  values  of  the  ohmic  resistance  of 
the  electrolytes  and  the  internal  resistance  of  the  electrode  mate¬ 
rial,  which  is  marked  as  Rs.  As  the  results  from  Fig.  6(a),  the  Rs  of 
supercapacitors  in  various  electrolytes  are  about  1.07, 1.50, 2.65  and 
0.77  Q  for  supercapacitors  in  2.0  M  (NH4)2S04,  2.0  M  Na2S04,  0.5  M 
FI2SO4  and  6.0  M  KOH,  respectively.  Fig.  6(b)  reveals  Bode  plot  for 
the  supercapacitors  in  different  electrolytes,  indicating  response 
time  above  45°  phase.  It  can  be  seen  that  in  6.0  M  KOFI  electrolyte 
the  supercapacitor  gives  the  fastest  response  time.  This  result 
suggests  that  the  charge  storage  contribution  of  supercapacitor  in 
6.0  M  KOFI  become  fast  as  an  increase  in  frequency.  Moreover,  the 
phase  angle  is  close  to  80°  (the  ideal  one  should  be  90°)  at  lower 
frequency  limitation,  further  evidencing  the  good  capacitive 
property  of  the  supercapacitor  in  6.0  M  KOFI  electrolyte. 

In  EIS  measure,  the  supercapacitors  behave  as  a  series  combi¬ 
nation  of  a  resistance  and  capacitance  and  both  of  them  depend  on 
the  frequency.  In  the  low  frequency  region,  the  capacitance  (C(w)) 
can  be  defined  as  the  combination  of  imaginary  of  the  capacitance 
(C"(w))  and  real  part  of  the  capacitance  (C'(w)),  and  they  can  be 
expressed  as  following  Eqs.  (9)  and  (11)  [29,30]: 

C(w)  =  C'(w)+jC»  (9) 


C» 


w|z(«)2 

Z'M 

w|z(«)2| 


(10) 

(11) 


Z’  /  ohm 


di< 


Frequency  /  Hz 


u 

Q. 

O 


*>S 


%  V 


2.0  M  (NH4)2S04 


6.0  M  KOH 


•  *■ 


Frequency  /  Hz 


Frequency  /  Hz 


Fig.  6.  (a)  The  Nyquist  plots  (b)  Bode  phase  angle  plots  (c)  Imaginary  capacitance  vs.  frequency  dependencies  and  (d)  Cp/Cs  vs.  frequency  dependencies  of  the  supercapacitors  in 
different  electrolytes. 
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Where  C'(w)  corresponds  to  the  static  capacitance  which  is  tested 
during  the  constant  current  discharge,  C"(co)  corresponds  to  energy 
dissipation  of  the  supercapacitor  by  IR  drop  and  an  irreversible 
faradic  charge  transfer  process,  which  can  cause  the  hysteresis  of 
the  electrochemical  processes.  |Z(w)|  is  the  impedance  modulus, 
and  (o  is  the  angular  frequency.  Moreover,  the  C"(w)  versus 
frequency  (f)  dependence  has  a  maximum  at  the  so-called  relaxa¬ 
tion  frequency  /r,  determining  the  characteristic  time  constant  RC 
called  relaxation  time  z r.  z r  is  a  quantitative  measure  of  how  fast 
the  device  can  be  charged  and  discharged  reversibly,  and  it  can  be 
expressed  by  above  Eq.  (12)  [31]: 

Tr  =  (27I-/R)-1  (12) 

Comparison  of  C"(w)  vs.  /  plots  for  various  supercapacitors 
shows  that  zr  depends  strongly  on  the  electrolyte  characteristics. 
The  values  of  zr  of  the  supercapacitors  in  different  electrolytes  were 
given  in  Table  2.  For  the  supercapacitor  in  0.5  M  H2SO4,  zr  is  tiny 
due  to  the  fast  mobility  of  H+  ions.  However,  zr  of  the  super¬ 
capacitor  in  6.0  M  KOH  is  the  smallest  because  of  the  fast  mobility 
of  OH  ions.  Furthermore,  the  zR  of  supercapacitor  with  2.0  M 
(NH4)2S04  is  less  than  that  of  supercapacitor  with  2.0  M  Na2S04 
because  the  mobility  of  NHj  is  larger  than  that  of  Na+. 

In  addition,  the  series  capacitance  values  (Cs)  at  and  the 
parallel  capacitance  (Cp)  can  be  calculated  according  to  the 
following  Eqs.  (13)  and  (14)  [30],  and  the  dependence  of  the  Cp/Cs 
ratio  on  frequency  are  displayed  in  Fig.  6(d). 


cs  =  0'wZT1 

(13) 

7” 

Cp  —  7 

|Z|2w 

(14) 

For  the  ideally  polarization  system,  Cp/Cs  =  1.  According  to  the 
Fig.  6(d),  the  ratio  values  Cp/Cs  for  the  supercapacitors  in  various 
electrolytes  approximate  to  1.0  except  in  0.5  M  H2SO4.  The  smallest 
deviation  of  Cp/Cs  about  0.03  from  1.0  in  low  frequency  is  observed 
for  supercapacitor  in  6.0  M  KOH  solution,  indicating  a  nearly  ideal 
polarisability. 

4.  Conclusion 

Cyclic  voltammetry,  galvanostatic  charge/discharge,  cyclic  life, 
leakage  current,  self-discharge  and  electrochemical  impedance 
spectroscopy  methods  have  been  used  to  compare  the  electro¬ 
chemical  behaviors  for  the  supercapacitors  based  on  the  hierar¬ 
chically  porous  carbons  electrode  material  in  2.0  M  (NH4)2S04, 
2.0  M  Na2S04,  0.5  M  H2S04,  or  6  M  KOH  electrolyte  solutions, 
respectively.  The  analysis  results  reveal  that  the  supercapacitor  in 
6.0  M  KOH  electrolyte  performs  the  best  electrochemical  behaviors, 
the  most  excellent  reversibility  and  nearly  ideal  polarisability.  The 
highest  specific  capacitance  of  supercapacitor  in  6.0  M  KOH 
observed  from  CV  at  the  scan  rate  of  1  mV  s_1  is  61.5  F  g-1.  The 
smallest  ESR  and  Rs  is  2.83  Q  and  0.77  Q.  Moreover,  the  super¬ 
capacitor  in  6.0  M  KOH  electrolyte  displays  the  most  stable  cycla- 
bility  even  at  the  operated  voltage  up  to  1.2  V,  and  has  the  shortest 
relaxation  time  of  0.62  s.  In  addition,  the  e.d  and  p.d  of  the 


supercapacitor  in  6.0  M  KOH  is  about  8.42  Wh  kg-1  and 
17.22  kW  kg-1  at  the  operated  voltage  window  of  1.0  V,  and  about 
11.54  Wh  kg-1  and  10.58  kW  kg-1  when  the  voltage  is  high  up  to 
1.2  V.  Therefore,  it  can  be  concluded  that  the  6.0  M  KOH  aqueous 
solution  is  a  promising  electrolyte  to  be  used  in  the  supercapacitor 
with  activated  HPCs  as  electrode  material. 
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